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Evaluation of Dynamic Models of Distillation Columns with Emphasis
on the Initial Response
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The ﬂow dynamics (tray hydraulics) are of key importance for the initial dynamic
response of distillation columns. The most important parameters are the liquid
holdup, the liquid hydraulic time constant and the vapor constant representing the
initial eﬀect of a change in vapor ﬂow on liquid ﬂow. In the paper we present
methods for determining these parameters experimentally, and compare the results
with estimates from available correlations such as the Francis Weir formula.
1. Introduction
The objective when deriving a model is to make it as simple as possible while at
thesametimematchingthedynamicsoftherealsystem.Theestimationofthedynamic
parameters which determine the behavior of the process is of crucial importance in
the modeling process. For control purposes the most important feature of a model is
to match the dynamic response at times corresponding to the desired closed-loop time
constant. This means that if the dynamic model is to be used for evaluating and tuning
the ‘fast’ loops on a distillation column (pressure loop, level loops, temperature proﬁle
‘stabilization’) where the time constants are in the order of a few minutes or less, then
a good model for the initial response is required and accurate steady state behavior
may be less important.
Simpliﬁed models which simplify or neglect ﬂow dynamics (tray hydraulics) and
energy balance are often used for studies of distillation column dynamics and control.
However, the applicability of such simple models for this purpose is often questioned
bypractitioners.Thiscritiqueisindeedreasonableasoneknowsthatthetrayhydraulics
are crucial in determining the initial dynamic response which is of key importance for
control. Although the essential dynamics of a distillation column can be obtained
fromsimpliﬁedmodels,theintroductionofrealisticandaccuratehydrauliccalculations
allows us to study the operability of a given system and the design and evaluation of
complex control systems.
In the paper we consider detailed models of the tray hydraulics and use these
to derive expressions for parameters that characterize the ﬂow response. The most
important parameters are the liquid holdup Ml, the hydraulic time constant ql, the
parameter j (denoted K2 by many authors) for the initial eﬀect of a change in vapor
ﬂow on liquid ﬂow, the fraction of vapor on the tray and the pressure drop. These key
parameters are also determined from experiments on our lab-scale column. The ﬁnal
goal of these studies is to see how detailed a dynamic model of a distillation column
should be in order to be used for control purposes.
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The literature on distillation dynamics is extensive so only a short overview will be
given. In terms of experimental responses for tray columns we only mention the work
of Baber et al. (1961, 1962). Open- and closed-loop experiments under automatic
control were performed, additionally a linearized deviation model were presented
and compared to the recorded transient responses. Perforated plates have been used
extensively for liquid-vapor contacting in distillation columns, data for plate design
has been published by e.g. Stichlmair (1978), Perry (1984) and Lockett (1986). Key
parameters as e.g. weeping, ﬂooding and eﬃciency of sieve tray are inﬂuenced by the
pressure drop which in turn is dependent on liquid and vapor ﬂow as well as the tray
design.
A detailed overview on recently published literature in the ﬁeld of dynamics and
control of distillation columns is given by Skogestad (1992). The survey includes the
description of distillation models with rigorous and linearized tray hydraulics and a
review of widely used simpliﬁcations. Rigorous models for distillation columns for
nonlinear simulations are developed by e.g. Gani et al. (1986) and Retzbach (1986).
The work of Gani et al. is focused on the development of a general dynamic model
including tray hydraulics and accurate prediction of the physical properties which is
numerically robust. Further the inﬂuence of the simplifying assumption was investi-
gated. The rigorous model of Retzbach is primarily developed for the nonlinear
simulation of a multi-component mixture in a distillation column with side stripper.
The tray hydraulic models applied by Retzbach are extensively described by Stichlmair
(1978).
The paper is divided into 5 parts. We present a detailed description of the rigorous
stage model in Section 2. The liquid holdup is divided into liquid on the sieve tray
and downcomer. The dynamic model is implemented in the SPEEDUP simulation
environment (1992) with a link to the ASPEN PROPERTIES PLUS data base for
thermodynamic properties (1988). The third part deals with linearized tray hydraulics
which simplify the dynamic model considerably. In the fourth section we present
diﬀerent methods to determine hydraulic parameters which describe the dynamic
behavior of the system. These methods are based on experiments on our lab scale
column or developed based on the rigorous stage model. Finally the results of the
diﬀerent methods are compared and conclusions are presented.
2. Tray modeling
Tray models based on ﬁrst principle consist of a large number of diﬀerential
algebraic equations which may be solved simultaneously. Simulation of a staged
distillation where the dynamics is described from ﬁrst principles will enable a thorough
investigation of the tray hydraulics. Changes in column design will inﬂuence the
distribution of liquid on the stages and change the time constants of the system. A
deeper insight in the hydraulics of a stage will reduce the possibility of designing a
distillation column which is inherently diﬃcult to control.
2.1. Rigorous tray model
In the rigorous model implemented in the SPEEDUP simulations each stage is
divided into two liquid holdups (tray and downcomer) and one vapor holdup. Sepa-
rated mass and energy balances for tray and downcomer are set up. The holdups are
computed from the mass balances, the ﬂows leaving the tray are determined fromEvaluation of Dynamic Models of Distillation Columns 85
Figure 1. Typical design of a staged distillation column with sieve tray and downcomer.
hydraulic correlations with pressure drop over the stage as driving force. The thermo-
dynamic properties of the components are calculated by the ASPEN PROPERTIES
PLUS (1988) package. The main diﬃculty in these simulations was to ﬁnd the steady-
state operating points which match the performed experiments.
The design of a typical stage in a distillation column consisting of sieve tray,
downcomer, inlet and outlet weir is shown in Figure 1.
Assumptions. The total holdup of the tray consists of liquid and vapor holdup.
According to the geometry of the interior of the distillation column, see Figure 1, the
liquid holdup on a stage is divided into liquid on the active tray area and liquid in the
downcomer. The following assumptions are made:
R1 two-phase system in thermal and mechanical equilibrium
R2 perfect mixing in vapor and liquid phases
R3 no heat losses to the surroundings
R4 no heat of mixing
R5 temperature dynamics of the column structure is neglected
Conservation of internal energy and constant volume of the system implies that the
ﬂash calculation is solved as an UV-ﬂash.
Material and energy balance. The balances presented are used throughout the whole
distillation model, some modiﬁcations are made for the reboiler and accumulator. The
mathematical states are the component holdup M (both in vapor and liquid phase)
on the stage and the internal energy. An in depth overview of these equations is given
in Lockett (1983) and Stichlmair (1978).86 Bernd Wittgens and Sigurd Skogestad
The following set of equations is valid for a tray without feed, side draw and
external heating or cooling.
dMi
dt
óV in·yin iòLin·xin iñV out·yout iñLt·xt i (1)
The holdup of component i on the tray, this is liquid on the tray and vapor above
tray and downcomer is
MióMt·xt iòMv·yout i (2)
The total molar holdup on the tray is given by
;
n
i 1
MóMtòMv (3)
The energy balance of the tray
dUt
dt
óV in·hv inòLin·hl inñV out·hv outñLt·hl t (4)
where the total internal energy is described by
UtóMv·
hv outñ p
ov
òMl·
hl outñ p
ol
(5)
A similar set of equations is applied to the downcomer material balance:
Mdc i
dt
óLt·xt iñLout i·xout i (6)
Mdó ;
n
i 1
Mdc i (7)
the component balance:
Mdc ióMd·xout (8)
the energy balance of the downcomer
Udc
dt
óLt·hl tñLout·hl out (9)
and the total internal energy of the downcomer
UdcóMd·hl out (10)
where we neglect the pressure dependent part. Note that there is no ﬂash calculation
performed on the downcomer holdup. The vapor composition is in equilibrium with
the liquid on the tray and the vapor volumes of the tray and downcomer are combined.
Due to this assumption a vapor ﬂow from the downcomer to the tray can be neglected
such that the overall system is somewhat simpliﬁed. Due to the assumption that the
pressure is identical, both in the liquid phase of the tray and downcomer as well as
the vapor phase the computation of the molar density is simpliﬁed.
Holdup distribution. The liquid and vapor molar holdup a stage is related to the total
tray volume V t by:Evaluation of Dynamic Models of Distillation Columns 87
V tóMt/olòMv/ovòMdc/ol (11)
The molar volume of the liquid on the tray Mt and in the downcomer Mdc is
computed by
Mtóhcl·Aactive·ol t (12)
and
MdcóMclòMdryòMlossòMsealó((hclòhdryòhloss)
hdc
·AdcòV seal)·ol d (13)
where V seal is the volume of the downcomer seal. We assume no bubbles in the
downcomer so hdc is the height of clear liquid. The pressure drop over the downcomer
(Perry et al., 1984) from the surface of the liquid exiting the downcomer to the surface
of the downcomer level is identical to the total pressure drop, *p, over a plate (see
equation (20)). The height hdry is computed from the ‘dry’ pressure drop over the holes
of the tray (see equation (23)). The ﬂow under the downcomer apron is modeled by a
nonstationary Bernoulli equation which considers losses due to friction (hloss) and
acceleration of the liquid under the downcomer apron (see Figure 1).
Vapor-liquid equilibrium. The thermodynamic equilibrium of vapor and liquid is
deﬁned by
yeq ióKi·xout i (14)
with a K-value dependent on x, y, T, p. The composition of the vapor leaving the tray
is computed by the Murphree tray eﬃciency coeﬃcient
gióyout iñyin i
yeq iñyin i
(15)
with yeq i as the equilibrium vapor composition at given tray composition, temperature
and pressure. It is assumed that liquid and vapor are perfectly mixed in their control
volumina.
2.2. Tray hydraulics
The modeling of the tray hydraulic is based on empirical correlations selected from
the literature. Lockett (1986) and Stichlmair (1978) give an excellent overview over the
diﬀerent approaches. The chosen correlations are not necessarily the best available,
but allow fairly accurate predictions and are easy to implement.
Clear liquid height. Consider the stage shown in Figure 1. Recall equation (12) where
the liquid holdup on the sieve tray, Mt, is deﬁned with the active tray area, At,
(excluding downcomer) and the clear liquid height hcl. The clear liquid height is less
than the actual height of ﬂuid on the plate due to bubbles dispersed in the liquid. The
fraction of liquid (froth density) in the ﬂuid is denoted {.
hcló{hweiròhow (16)
We use the correlation presented by Bennett (1983) to compute the froth density {
{óexp(n1·K2 s ) (17)88 Bernd Wittgens and Sigurd Skogestad
with the superﬁcial velocity factor
Ksóvt
ov/(olñov) (18)
where vtóV in/(Atov) is the vapor velocity over the active tray. The parameters n1 and
n2 are empirical constants. Bennett uses n1óñ12·55 (in units consistent with the
velocity factor Ks in m/s), and n2ó0·91 (dimensionless). We ﬁtted new values to
match pressure drop experiments and to get reasonable values for the liquid holdup.
Flow over outlet weir. The liquid ﬂow, Lout, over the circular weir from the tray to the
downcomer, is computed with a modiﬁed Francis weir formula (Perry et al., 1984).
Since the outlet weir is placed oﬀ center towards the column wall, the liquid height
above the weir how will not be constant. There are no existing correlations which deal
with the converging ﬂow over circular outlet weirs in distillation column (Lockett,
1986). Taking the design into consideration, we choose to correct the weir length with
a factor of 0·5.
howó44300·
Lout
ol·0·5·dweir
0704
(19)
We have here assumed that the liquid contains no bubbles as it passes over the
weir, that is, how is the clear liquid height of liquid over the weir (see equation (16)).
The actual height of ﬂuid (mixture of vapor bubbles and liquid) on the tray is then
hcl/{. If the computed froth height, hcl/{Ohweir, the liquid ﬂow leaving the tray is set
to zero.
Pressure drop correlations. The pressure drop over a stage is measured as the diﬀerence
in pressure between two adjacent stages
*pópiñpi 1 (20)
The total pressure drop *p consists of the ‘static’ (wet) pressure drop through the
aerated liquid on the sieve tray and the ‘dry’ pressure drop through the holes of the
tray, *pdry.
*pó*pstaticò*pdry (21)
The ‘wet’ pressure drop due to the height of clear liquid on the tray is
*pstaticóg·ol·hcl (22)
AccordingtoLockett(1986)thehydraulicgradientforsievetraydistillationcolumn
of small diameter (less than 0.5m) is negligible.
Numerous correlations for the dry pressure drop are available (e.g. Liebson et al.,
1957) we have chosen:
*pdryóoml· g
1000
· 51
C2 o
omv
oml
·v2 hó0·965·ov·v2 h (23)
where vhóvtAt/Ah is the velocity through the holes [m/s].
The pressure loss due to surface generation, *pbubble, is neglected compared to the
equations presented in Coulson et al. (1983) or Perry et al. (1984). The ‘residual
pressure drop’, *presid, as listed in literature (e.g. Perry et al. (1984)) is neglected, since
the suggested liquid height of 12·5mm is comparable to the static liquid head on the
sieve tray.Evaluation of Dynamic Models of Distillation Columns 89
Summary of holdup distribution. The total liquid holdup on a stage is
MóMtòMdc (24)
Here Mt is given by equations (12)–(19). We have
MtóAtol{hweir
Muw
òAtolhow
Mow
(25)
Note that { depends on the vapor ﬂow V whereas how depends on the liquid ﬂow
L. We identify four contributions to the liquid holdup in the downcomer.
MdcóMlossòMclòMdryòMseal (26)
1. Holdup which corresponds to the height of clear liquid on the tray plus the
contribution from the corresponding ‘‘wet’’ pressure drop through the liquid
on the tray above:
MclóAdol2hcló2Ad
At
Mt (27)
2. Holdupcorrespondingtopressuredropoverthetraysperforation(‘‘drypressure
drop’’), which from equation (23) is
MdryóAd·*pdry
g·MWl
(28)
3. Holdup due to pressure drop under the downcomer apron, Mloss. This term
may usually be neglected.
4. Holdup of liquid in the downcomer seal, Mseal, which is independent of vapor
and liquid ﬂow.
3. Linear tray hydraulics
In order to obtain further insight into the tray hydraulics we shall consider the
linearized approximation. Such a simple approximation may also be used in order to
simplify dynamic simulations. For simplicity, the vapor holdup is neglected and cons-
tant molar flows are assumed.
It is assumed that the liquid ﬂow, Lout, is a function of the liquid holdup, M and
the vapor ﬂow V in (Rademaker et al., 1975; Skogestad et al., 1988). Taking the total
diﬀerential of Lout then yields
dLoutó
dLout
dV in
M

dV inò
dLout
dM
V
1 L
dM (29)
Note that this relationship is assumed to hold dynamically. The hydraulic time
constant qL typically varies from 0·5 to 15 seconds. The vapor constant j, representing
the inﬂuence of V in on Lout, typically ranges between ñ5t oò5 (Rademaker et al.,
1975).
We want to obtain j and qL from correlations for the liquid holdup M as a function
of liquid and vapor ﬂow given in equations (24) to (28). The value of qL can be directly90 Bernd Wittgens and Sigurd Skogestad
obtained from these correlations. To ﬁnd j we note that the total diﬀerential of M can
be written
dMó
dM
dLout
V
L
dLoutò
dM
dV in
L
V
dV in (30)
(this equation holds only at steady state). qL is always positive whereas qV may be
either positive or negative.
Setting dMó0 in equations (29) and (30) yields
jó(dLout/dV in)Móñ(qV/qL) (31)
Since both q and j depend on the tray loading, their values may be signiﬁcantly
diﬀerent for the rectifying and the stripping section.
To derive analytic expressions for qL, qV and j the holdup expressions in equations
(24) and (28) are linearized:
dMt
dV in
óAtoln2
{ln{
V in
hweiróMuw
V in
n2ln{ (32)
dMdry
dV in
ó2Mdry
V in
(33)
dMloss
dLout
ó2Mloss
Lout
(34)
dMow
dLout
ó0·704Mow
Lout
(35)
Equations (32) to (35) yield:
qVó2Mdry
V in
ò
1ò2Ad
At
Muw
V in
n2ln{ (36)
qLó2Mloss
Lout
ò
1ò2Ad
At
0·704Mow
Lout
(37)
Note that for our trays which have downcomers which exit above the liquid, we
replace 2(Ad/At)b yAd/At. It is important to note that qV and thus j may be either
positive or negative. A negative j means that more liquid is stored inside the column
when vapor ﬂow is increased, resulting in a temporary reduction in liquid ﬂow. The
main cause for this eﬀect is the increased pressure drop which increases Mdry.A
positive j means that less liquid is stored inside the column when vapor ﬂow is
increased. At ﬁrst this may seem unlikely. However, in tray columns it is quite common
and is caused by a ‘swelling’ (decrease in the froth density {) which pushes liquid oﬀ
the trays. For situations where jP0 an increase in vapor ﬂow rate results in a decrease
of liquid holdup on the tray. The liquid which is displaced on the sieve tray will be
dumped on the stage below. If the change in ‘dry’ pressure drop is extensive enough
(increase in hdry) this excess liquid will probably be stored in the downcomer.Evaluation of Dynamic Models of Distillation Columns 91
Table 1. Numerical example, estimated data for experiments 5 and 6
Experiment 5 Experiment 6
Top Bottom Top Bottom
Parameter Dimension Section
*pdry(23) Pa/tray 199 247
{(17) 0·20 0·47 0·17 0·45
how(19) mm 1·43 2·16 1·43 2·16
Mow(25) mol 0·16 0·24 0·16 0·24
Muw(25) mol 0·67 1·60 0·59 1·52
Mdry(28) mol 0·38 0·47
dM/dV(32) s ñ6·27 ñ5·75 ñ5·33 ñ5·23
dMdry/dV(33) s 5·40 6·02
dMow/dL(35) s 1·32 1·11 1·32 1·11
qL(37) s 1·32 1·12 1·32 1·12
qV(36) s ñ0·87 ñ0·34 0·69 0·79
j(31) 0·65 0·31 ñ0·52 ñ0·70
Numerical example. We will discuss the experimental data later, but to illustrate the
above procedure we shall compute analytically the holdup distribution and hydraulic
parameters for the top and bottom section for experiments 5 and 6. Experiment 5 has
a large liquid load and experiment 6 a large vapor load.
The key data for the stage design are the weir height, hweiró30mm, and the ratio
of downcomer to active tray area Ad/Ató0·123. With these data and the coeﬃcients
for equation (17) presented in Table 2 we compute the data presented in Table 1. We
have chosen to estimate the coeﬃcients for equation (17) for the rectiﬁer and stripper
section separately, since these sections have a rather diﬀerent liquid load.
Thecolumnisoperatedwithafeedofethanol/butanolofcompositionzFó0·5and
a feed ﬂow of 350ml/min. The reboiler heat input is QBó5·79kW Vó0·142mol/s
and QBó6·45kW Vó0·158mol/s for experiments 5 and 6, respectively. The reﬂux
is in both cases LTó470ml/minó0·096mol/s. Note we assume constant molar ﬂows
through the column.
The term dMloss/dL is of the order of 0·006s and can be neglected compared to the
other terms.
These two experiments diﬀer in the reboiler eﬀect by approximately 10%, but give
entirely diﬀerent results when the hydraulic parameters are computed. Note that the
two contributions to qV, dMdry/dV (contribution from change in downcomer holdup
due to pressure drop) and dMt/dV (contribution from change in tray holdup due to
froth density), change in diﬀerent directions when the heat input to the reboiler is
increased. It is then clear that qV may easily change sign, and so may then jó
ñqV/TL. Forexperiment 5 theabsolute values ofdMdry/dVOdMt/dVare suchthat the
liquid replaced on the sieve tray can not be stored in the downcomer. For experiment 6
the situation is such that the replaced liquid will be stored in the downcomer.
In conclusion, the hydraulic parameter j, representing the initial eﬀect of vapor
ﬂow on liquid ﬂow, may be very sensitive to operating contributions.
3.1. Linear ﬂow relationships for column sections
In the following assume that the hydraulic parameters are equal for all trays in the
top section (qLT and jT), and for all trays in the bottom section (qLB and jB). Consider92 Bernd Wittgens and Sigurd Skogestad
a small deviation from steady state. With constant molar ﬂows the material balance
on a tray becomes
dM
dt
ódLinñdLout (38)
where the liquid ﬂow leaving the tray is given from the linearized tray hydraulics
(equation (29))
dLoutójdVò 1
qL
dM (39)
Repeated combination of these equations yields the following expression for the
change in liquid ﬂow at the bottom of the column, LB, in response to changes in
reﬂux, LT and boilup, V:(similar to Rademaker et al., 1975; Skogestad et al., 1988):
dLBógL(s)dLTògV(s)dV (40)
where
gL(s)ó 1
(1òqLTs)NT
1
(1òqLBs)NB
(41)
gV(s)ójB
1ñ 1
(qLBsò1)NB
ò jT
(qLBsò1)NB
1ñ 1
qLTsò1)NT
(42)
The response of LB to a change in reﬂux at the top, LT is as expected a cascade of
ﬁrst-order responses, one for each tray. The response of LB to a change in vapor ﬂow,
V, requires a more detailed derivation. Consider ﬁrst a column with only one tray. We
consider here the eﬀect of a change in V only, so set dLinó0 in equation (38). Taking
Laplace transforms of equations (38) and (39) and combining yields
1
qL
dMóñ j
qLsò1
dV,
and we get with one tray
dLoutódL1ój
1ñ 1
qLsò1
dV (43)
For two identical trays we get in addition the change in liquid ﬂow from the tray
above, dLin, which will be equal to dL1 given above. dLin will aﬀect dLout through a
ﬁrst order lag, so the total eﬀect of a change in vapor ﬂow with two trays is
dLoutódL1ò dL1
qLsò1
ój
1ñ 1
qLsò1)2
dV (44)
For a column with N identical trays we ﬁnd
dLoutódLBój
1ñ 1
(qLsò1)N
dV (45)
For a column with a top and bottom section
dLBójB
1ñ 1
(qLBsò1)NB
dVò dLT out
(qLBsò1)NB
(46)Evaluation of Dynamic Models of Distillation Columns 93
where Lout T is the liquid entering from the top section. It is itself caused by the increase
in vapor, so
dLT outójT
1ñ 1
(qLTsò1)NT
dV (47)
and we derive the desired expression for gV(s).
Introduce the following approximations (which are good for long column sections)
1
(1òqLBs)NB
Be Bs; 1
(1òqLTs)NT
Be Ts (48)
where hBóNBqLB and hTóNTqLT. Also introduce the total liquid lag from the top to
the bottom hóhBòhT. Then we get from equation (46) with dLTó0
dLBBjB(1ñe Bs)dVòjT(e Bsñe s)dV (49)
In words, a step increase in boilup, dV, will result in an immediate increase in LB
equal to jBdV. This increase will last approximately for the time hB (which is the time
it takes for a change in liquid ﬂow to propagate through the bottom section), then the
increase in LB will change to the value jTdV and it will stay at this value for an
additionaltimehT.AfterapproximatelytimehóhBòhTtheliquidﬂowLBwillchange
back to its original value.
4. Obtaining parameters from experiments
4.1. Liquid holdup
The liquid holdup on the stages determine the composition dynamics of the
distillation column and inﬂuence the hydraulics of the system. The liquid holdup can
be estimated from experiments and theoretical calculations.
(i) Experimental dumping. The column is emptied by turning of the reﬂux and
the heating. Liquid evaporated during this operation is collected in the accu-
mulator. The combined holdup change of accumulator and reboiler is then the
amount of liquid stored on the trays in the column during normal operation.
(ii) Theoretical tray calculations using geometric data and correlations, see equa-
tions (24) to (28).
(iii) Tracer experiments. One may inject a heavy component at the top of the
column and measure the time it takes for the wave to move down the column.
In general, the time constant for the composition response on an individual
tray is qcóMi/(LòKV), where we can set Kó0 for a heavy tracer, and the
time constant (apparent delay) for N trays in series is approximately Nqc.W e
approximate hcNqc such that we are able to estimate the column holdup
from the measured delay hc.
(iv) Experimental temperature responses. Measuring the initial temperature
response to a step change in reﬂux *L or vapor ﬂow *V enables the estimation
of the liquid holdup.
The necessary assumptions are:
OP1 vapor holdup is negligible
OP2 constant molar liquid holdup M94 Bernd Wittgens and Sigurd Skogestad
OP3 equimolar ﬂows (simpliﬁed energy balance)
OP4 the local slope of the vapor-liquid equilibrium curve is Ki
OP5 local linear relation between liquid composition and temperature,
xiók·Ti.
The material balance over a stage becomes
Mdxi/dtóLi(xi 1ñxi)òV i(yi 1ñyi) (50)
For a step changein LiandV ithe internal ﬂows areLióLo i ò*LandV ióVo i ò*V.
Subtractthesteadystatesolutionfromequation(50)andconsiderthetimeimmediately
after the step change when the tray composition still is unchanged. This yields the
following relationship for the initial slope as a function of *L and *V:
M
d*xi
dt 
init
ó*Li(xo i 1ñxo i )ò*V i(yo i 1ñyo i ) (51)
Apply assumptions OP4 and OP5 and rearrange equation (51)
Mi
d*Ti
dt 
init
ó*Li(To i 1ñTo i )ò*V iKi(To i 1ñTo i ) (52)
From equation (52) it is possible to estimate the molar holdup Mi on a stage from
observing the initial slope of the tray temperature to changes in reﬂux or boilup.
4.2. Liquid hydraulic time constant ql
The liquid hydraulic time constant can be determined experimentally by making
a change in reﬂux and observing the delay in liquid response through the column.
(i) This delay may be observed from the response of the uncontrolled reboiler
level, or
(ii) from the temperature responses inside the column.
(iii) qL may also be estimated theoretically from tray data (see equation (37)).
4.3. Vapor constant j
The vapor constant j represents the initial eﬀect of a change in vapor ﬂow on
liquid ﬂow from a stage. Experimentally we can obtain j by the following means.
(i) From temperature responses. For example, for jP1 the eﬀect of an increase
in V will initially be counteracted by an even larger increase in L and we will
observe an increase in tray temperature in the upper part of the column earlier
than in the lower part.
(ii) From reboiler level response. Since dMB/dtóLBñV we get from equation
(49) that for a unit step in vapor ﬂow V (keeping the reﬂux ﬂow constant
*Ló0), the slope of the response of MB as a function of time will be
approximately (jBñ1) for the time hB, then equal to (jTñ1) for the next time
hT, and then remain at ñ1.
(iii) Estimate j theoretically using hydraulic relationships such as equation (36)
and equation (37).
5. Results
The distillation column is equipped with 11 sieve trays (numbered from the top)
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column, the hole area of the trays is relatively small (Ah is about 5% of At), and the
holdup in the downcomer is relatively large (about 50% of total holdup). Also, the
downcomer design is diﬀerent from that in Figure 1 in that the downcomer ends above
the liquid surface and has a quite large downcomer seal holdup.
The reboiler is a thermosyphon reboiler with a nominal holdup of 3·5 liters and
equipped with electrical heating of a maximum eﬀect of 15kW. The total condenser
is connected to an accumulator with a holdup of approximately 1·5 liters. The reﬂux
and feed are fed to the column by metering pumps and enter the column with a
temperature approximately 2ºC below the boiling point.
Each tray is equipped with a thermocouple which is placed approximately 10mm
above the center of the tray. Below the lowest tray a pressure sensor is installed to
measure the pressure drop over the column. The distillation column is interfaced to a
computer system for data recording and control with a sampling frequency of 1Hz.
The experiments were performed with mixtures of ethanol and butanol. For the
theoretical estimation of holdups and time constants we assume constant density
oló731·5kg/m3 (Halles, 1976) and mole weight MWló60·1kg/kmol corresponding
to a 50/50 mixture. We also assume *hvapó40900kJ/kmol (Majer, 1985).
5.1. Pressure drop
Experiments were performed to measure the pressure drop over the distillation
column.Basedonthesemeasurementsandapplyingequations(16)to(23)wecompute
by means of a least square approach the coeﬃcients which were used in equation
(17). The estimation is performed separately for stripping and rectiﬁer section. A
comparison between experimental data and the estimated pressure drop is shown in
Figure 2.
Theempiricalparametersn1andn2forequation(17)determinedfromthepressure
drop measurements are presented in Table 2.
Figure2. Comparisonofmeasured(*,o)andestimated(ñ)pressuredropoverthedistillation.96 Bernd Wittgens and Sigurd Skogestad
Table 2. Empirical parameters for equation (17)
n1 n2
rectiﬁer section ñ24·17 0·73
stripping section ñ7·05 0·61
5.2. Liquid holdup
Table 3 lists experimental conditions and some results for experiments 2, 3, 5 and 6.
(i) The liquid volume determined by dumping the distillation column is denoted
V l,dump. The corresponding average tray holdup is denoted Ml dump.
(ii) The liquid volume estimated from pressure drop measurements is denoted
V l,p. It is found by measuring the diﬀerential pressure drop over the column
and estimating the liquid holdup based on equations (24) to (28).
(iii) We performed experiments with only ethanol in the column and used butanol
as a heavy tracer. With reﬂux Ló472ml/min the time for the butanol to reach
the bottom was about 330 seconds (see Figure 3), corresponding to a liquid
holdup of approximately 2·59l.
The agreement between these three methods is good and gives a total
column holdup of approximately 2·7 liters.
(iv) We also used equation (52) to estimate the holdup from the initial temperature
response on trays 3 and 9 to a step response in heat input experiment 2
and experiment 6 as well as in reﬂux experiment 3 and experiment 5. The
temperature responses are shown in Figures 4 and 5 for experiments 2 and 3,
respectively. The corresponding estimated holdups (denoted M3 and M9)
Table 3. Data for holdup estimation for experiments 2, 3, 5 and 6
Units Experiment 2 Experiment 3 Experiment 5 Experiment 6
F ml/min 250 250 350 350
zF 0·54 0·56 0·56 0·45
Qt 0 kJ/s 3·60 4·50 5·70 6·45
*Q kJ/s ò0·45 0·0 0·0 ò1·58
Lt 0 ml/min 249·8 382 468 470
*L ml/min 0·0 ò52·8 ò88·4 0·0
*p mbar 22·3 26·1 35·3 54·6
Vl,dump l 2·68 2·71 2·93 3·10
Vl,p l 2·77 2·74 2·69 2·66
Ml,dump mol 3·06 2·99 3·24 3·43
T2 ºC 79·12 89·91 79·17 79·74
T3 ºC 79·45 84·64 79·78 81·45
T4 ºC 80·42 89·91 81·09 84·65
d*T3/dt 10 2ºC/s ò0·18 ñ1·43 ñ0·63 ò4·23
M3 mol 6·02 3·70 2·25 3·19
T8 ºC 96·72 109·71 110·73 115·64
T9 ºC 104·53 113·65 114·96 116·75
T10 ºC 111·08 115·78 116·61 117·21
d*T9/dt 10 2ºC/s ò4·51 ñ0·87 ñ2·23 ò2·15
M9 mol 4·14 6·39 4·46 3·37Evaluation of Dynamic Models of Distillation Columns 97
Figure 3. Deviation in temperature of reboiler, Treb and on stages 1, 10, 11 and the reboiler
level response due to injection of a heavy tracer.
Figure 4. Experiment 2. Initial response of temperatures on trays 3 and 9 to a step change in
heat input at tó10s.
show large variations (see Table 3) and are also diﬀerent (mostly larger) from
the values found above using dumping. The reason for the variations may be
inaccuracy in determining the initial temperature derivative (see e.g. Figure 5).
However,thedeviationfromthedumpingexperimentsmayalsobebecausethe
assumptionsforderivingequation(52)donothold.Thisispartlyconﬁrmedby
the simulated responses (smooth lines in the Figures) which are in good98 Bernd Wittgens and Sigurd Skogestad
Figure 5. Experiment 3. Initial response of temperatures on trays 3 and 9 to a step change in
reﬂux ﬂow at tó20s.
agreementwiththeexperiments.Thesimulatedresponsesareforthefullmodel
(with no assumption about constant molar ﬂow etc.) using holdups which are
in agreement with the dumping experiments.
Compare experiments 2 to 6 and experiments 3 to 5 shows that the quality of
prediction increase for increasing step changes. The changes in experiments 5 and 6
are at least twice the step changes as in experiments 2 and 3. Further we see that the
estimated holdup varies largely for experiments 2 and 3. Inspecting the results show
that the holdup is very much overpredicted for the opposite side of the column where
the step was introduced.
5.3. Liquid hydraulic time constant ql
Fortheexperimentaldeterminationofthehydraulictimeconstant,thelevelcontrol
of the inventory is placed into manual, such that the positions of the product valves
are ﬁxed. The reboiler level will now primarily depend on the liquid ﬂow to the reboiler
and the vapor leaving it, although it should be noted that a ﬁxed valve position not
necessarily means that the liquid ﬂow through the valve is constant.
Let us ﬁrst consider experiment 5.
(i) The hydraulic lag between the increase in reﬂux until the reboiler level changes
is illustrated in Figure 6. We ﬁnd hó23·1s from the change in reﬂux pump
control signal to the initial level change of the reboiler, which gives an average
hydraulictimeconstantofqLTó2·1s.Theexperimentalresponseshowadelay
between the change in control signal and the change in accumulator level of
5·3s. Consider the time diﬀerence from the initial accumulator level deviation
until the reboiler changes which give a time delay of *hló17·8s. From
this delay we compute an average hydraulic time constant for each stage of
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Figure 6. Experiment 5. Response of reboiler level to a step in reﬂux ﬂow at tó20s.
(ii) Using temperature measurements we ﬁnd that the liquid delay between the
temperature change on trays 3 and 9 is 12·7 seconds, which give an average
hydraulic time constant of qLó1·68s. For experiment 3 we ﬁnd a delay in the
temperature change between the trays of 11·8 seconds which yields a hydraulic
time constant of 1·68s.
(iii) Applying equation (37) to the set of operational conditions of experiment 5
given in Table 4 yields qLTó1·32s and qLBó1·11s, which is approximately
2/3 of the experimental value. For experiment 3 we ﬁnd from the temperature
responsesinFigure5anaveragehydraulictimeconstantof1·83stheestimated
timeconstantis1·46and1·23secondsfortherectiﬁerandstripper,respectively.
We note from these and other results that the agreement between experiment and
tray calculations is somewhat better for the level measurements if we consider the
dynamics of the pump. Considering the dynamics in pump and sensor (see (i)) by
Table 4. Experiments 3 and 5 for changes in liquid ﬂows. Experimental conditions, measured
time delays (h), and hydraulic time constant (qL)
Units Experiment 3 Experiment 5
F ml/min 250 350
zF 0·56 0·56
Lt 0 ml/min 329·2 468·8
Lt   ml/min 382·7 557·2
Qt 0 kJ/s 4·50 5·8
#T3 s 16·7 13·3
#T9 s 28·5 26
#D s * 5·3
#B s * 23·1
qL,t (Eq. 37) s 1·46 1·32
qL,b (Eq. 37) s 1·23 1·11100 Bernd Wittgens and Sigurd Skogestad
Figure 7. Experiment 6. Response of reboiler level to a step in heat input at tó10s.
redeﬁning the time horizon reduce the deviation between the diﬀerent methods consid-
erably. The computed value from the temperature measurement (ii) is strongly depend-
ent on the quality of the signal to get a good approximation of the hydraulic time
constant.
Still, it seems that the estimated values for qL from equation (37) are too small.
However, the rigorous simulations which are based on the same correlations show
betteragreementasisillustratedbycomparingtheexperimentalandsimulatedreboiler
level in Figure 6. The reason for the diﬀerence may be a somewhat more detailed tray
model and eﬀects of the energy balance which are also not included in the simple
linear analysis leading to equation (37).
5.4. Vapor constant j
j may be observed from the initial response to changes in the boilup as changes in
the slope of the tray temperature or reboiler level as a function of time. From the
temperature measurements for experiment 2 it is diﬃcult to observe any change in the
slope so one would expect j to be close to 0. This does not agree with estimated values
from tray calculations which yield j equal to 5·1 and 3·8 in the top and bottom
sections, respectively. As seen from the simulated temperature on tray 9, this should
yield an inverse response, which should be easy to observe in the bottom section
(dashed curve in Figure 4).
From the level measurement for experiment 6 one can from Figure 7 observe a
change in the slope after about 10s and then another change after about 35s (from
when the change in heat input was applied). This indicates that hT is about 25s and
hB is about 10s. This is in reasonable agreement with experiment 5 which has the same
initial liquid ﬂow (see Table 1). If we consider the slope of MB as a function of time
then one would from the experimental response in Figure 4 expect jT to be about ñ1
and jB to be about ñ3.
Again, this does not agree very well with the estimated values of about ñ0·52 and
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the estimated values are very sensitive to small changes in the data. For example,
consider experiment 6 for which we estimate jBóñ0·7. Recall from equation (36)
that j has two contributions with diﬀerent signs (see Table 1). Both of these are very
sensitive to the value of the vapor ﬂow. For example, the magnitude of the pressure
drop term (which yields a negative contribution to j) is proportional to V, while the
froth density term (which yields a positive contribution to j) may become less impor-
tant as V is increased (because the froth density { cannot be less than 0). For
experiment 6, we obtained in Section 3 qVBó6·02sñ5·23sóñ0·70s.
If we decrease the vapor ﬂow by 20% then we ﬁnd qVBó4·812sñ6·32sóñ1·51s.
qL is unchanged at 1·11s, so we ﬁnd that a 20% decrease in V changes the estimated
value of jB from ñ0·70 to 1·35 such that an inverse response for the bottom section
can be expected. On the other hand, an increase in vapor ﬂow by 20% changes the
estimated jB from ñ0·70 to ñ2·49, which is rather close to the experimental value of
about ñ3.
6. Discussion and conclusion
The agreement with the experimental responses and simulations using the detailed
model were generally very good, except for the initial eﬀect of changes in vapor
ﬂow (e.g. as expressed by the parameter j). However, this was obtained only after
considerable eﬀort (including some parameter ﬁtting) so in general we believe it is
diﬃcult to predict accurately the initial response of distillation columns based on only
geometric data about the column and thermodynamic data. Two reasons are:
1. The correlations for estimating the tray holdups are empirical and do not seem
very reliable. For example, this applies to the formula for estimating the froth
density.
2. Even with a good model for estimating the tray holdups, the dynamic response,
for example as expressed by j, is very sensitive to small changes in the para-
meters. This means that one cannot expect to be able to predict from tray data
alone whether one will have an inverse response to changes in boilup.
In general, the inverse response is undesirable so one would like to have j\0·5.
Fortunately, the models give us insight into how the tray design should be changed to
achieve this. The reason for the undesired positive contribution to j is the swelling due
to bubbles. This eﬀect seems diﬃcult to avoid and it is probably desirable to improve
mass transfer. To make j more negative one needs to increase the downcomer holdup
as vapor ﬂow is increased. This may be achieved by using a larger downcomer area or
by increasing the pressure drop over the trays (e.g. by using smaller holes in the plates).
Another alternative, which may be more attractive, is to use a packed column where
liquid holdup generally increases with vapor ﬂow, implying that j is generally negative.
For control purposes one may want qL large as this increases the liquid lag from
the top to the bottom of the column, and thus tends to decouple the dynamic response
in the two column ends. To increase qL one may increase Mow by using a shorter outlet
weir. Alternatively, one may increase the pressure drop under the downcomer to
increase the term Mloss. For packed columns all the liquid contributes to the liquid
lag, qL (as there is no holdup under the weir or in the downcomer), so although the
liquid holdup in a packed column is generally smaller than in a trayed column, the
decoupling eﬀect from the liquid ﬂow dynamics (as expressed by qL) may not be any
less. Thus packed columns are generally preferred compared to trayed columns when
it comes to control considerations.102 Bernd Wittgens and Sigurd Skogestad
In conclusion, the dynamic simulations based on a detailed model gave good
agreement with experimental responses, while it was found that simpler models based
on constant molar ﬂows and linear tray hydraulics gave quite large deviations. Better
correlations are needed for predicting the holdup on the trays for the rigorous model.
However, even with improved correlations one cannot expect to get accurate predic-
tions of the ﬂow behavior (e.g. j) because of strong sensitivity to parameter changes.
One will therefore in most cases need experimental data to validate the responses and
possibly adjust parameters in the model for the tray hydraulics.
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N
A area m2
C0 discharge coeﬃcient
d diameter mm
Fi molar feed ﬂow of component i kmol/h
g standard acceleration of gravity m/s2
h molar enthalpy GJ/kmol
h height mmEvaluation of Dynamic Models of Distillation Columns 103
K equilibrium constant
k constant
Ks dimensionless velocity
l characteristic length mm
Li molar liquid ﬂow of component i kmol/h
M molar holdup kmol
MW molecular weight kg/kmol
N Number of trays
p pressure bar, N/m2
q liquid ﬂow m3/s
Q heat input kJ/s
T temperature ºC
v velocity m/s
V molar vapor ﬂow kmol/h
Vol volume m3
yeq i equilibrium molar fraction vapor
yi molar fraction of component i
xi molar fraction of component i
zi molar fraction of component i
Greek Symbols
*p pressure drop N/m2
*L change in liquid ﬂow kmol/h
*Q change in heat input kJ/s
om liquid mass density kg/m3
o liquid molar density kmol/m3
{ froth density
h time delay s
j vapor constant
q time constant s
n empirical parameter
Subscripts
a downcomer apron area
cl clear liquid
d, dc downcomer
dry parameter reled to dry pressure drop
eq equilibrium composition
h hole area of the tray
i identiﬁer
in ﬂow into the system volume
n index for number of components
l liquid phase
loss hydrodynamic losses
out ﬂow out of the system volume
ow over weir
seal seal pan of downcomer
stage stage consisting of tray and downcomer
t tray
tot total
uw under weir
v vapor phase
weir weir geometry